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ABS TRAC T 
A laboratory study was made to determine the variation with 
depth and velocity of the hydraulic and sediment transport characteristics 
of a constant-discharge flow. Eight experimental runs were performed 
in a 60-foot long, 33. 5-inch wide recirculating laboratory flume. The 
unit discharge for al l  runs was 0.50 cfs per ft. and the velocity was varied 
from 0.91 to 2.21 fps, corresponding to a change in depth from 0.550 
to 0.228 f t .  The bed sand used for these experiments had a geometric 
mean sieve diameter of 0. 142 m m  and a geometric standard deviation 
of 1. 38. 
As the velocity was increased, the bed form changed from a 
dune-covered configuration to a flat bed, with sand waves occurring 
a t  intermediate velocities. I t  was found that for the unit discharge and 
bed sand used in  this investigation, two different velocities and sediment 
transport rates a r e  possible for a given slope, or a given bed shear 
velocity; however, this multiplicity i s  possible only in the range of 
slope and shear velocity where major changes in  the bed configuration 
occur since i t  i s  a result of large variations in the bed roughness. There- 
fore the slope or shear velocity cannot logically be used as  an independent 
variable since neither of these quantities uniquely determines the velocity 
or transport rate. However, if the velocity is  used as  the independent 
variable for a constant-discharge flow, the slope, shear velocity, and 
friction factor a r e  all uniquely determined. The sediment transport ra te  
was found to be a single-valued, uniformly increasing function of velocity, 
and it can therefore be used in place of the velocity as  the independent 
variable. 
A comparison of data from this investigation with data from 
previous investigations which used the same sand showed that even a 
small  decrease in the amount of fine material in  the bed sand can have a 
significant effect on the transport rate. However, even relatively large 
changes in  the standard deviation of the bed material have a small effect 
on the friction factor. 
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CHAPTER 1 
INTRODUCTION, APPARATUS AND PROCEDURE, 
AND SAND CHARACTERISTICS 
1 - 1. Background and Objectives of this Research 
As suggested by the tit le,  this report presents the results of a 
group of experiments performed to extend some previous research ( 1 , 2 )  
which was carr ied  out a t  California Institute of Technology. The sig- 
nificance of these experiments can be best understood in the light of the 
previous investigations. In 1955 Brooks ( 1) reported a laboratory study 
of the mechanics of open channel flow over a sand bed. These experi- 
ments were  conducted in the 40-foot long, 10.5-inch wide recirculating 
flume which was located in the Sedimentation Laboratory a t  Caltech. 
The results of this investigation led him to question some widely held 
concepts about the relation between the sediment transport rate, depth 
and velocity of flow, and slope of alluvial channels. Brooks' principal 
conclusions will be summarized in Chapter 3 in  connection with the dis- 
cussion of results of the present experiments. 
The discussion of Brooks' paper (1) was,  for the most par t ,  
quite vigorously skeptical. I t  was mainly directed toward questioning 
the validity of his experiments, disputing his interpretation of laboratory 
and field data, and trying to explain his conclusions in terms of existing 
theories. In his closing discussion ( 1) ,Brooks presented the results of 
a new, larger  group of experiments, some of which were designed to 
answer specific objections raised by the discussers.  The new investiga- 
tion covered a wider range of velocity a t  two different constant depths 
and used three sands with size distributions different from the two sands 
he originally used. These runs were  conducted in  the 60-foot long flume 
which was used for the present investigation. The results of the new 
experiments were  in complete agreement with Brooks' original conclusions 
with the exception of those regarding the variation of sediment transport 
ra te ,  slope, and friction factor with velocity for a constant discharge. 
These were  neither proved nor disproved because of the manner in  which 
the runs were  scheduled; the depth was fixed for each ser ies  of runs and 
the discharge was varied. 
In 1957, Vanoni and Brooks (2) published a report which included 
the results reported in Brooks' closing discussion along with the results 
of some experiments on the effect of temperature on sediment transport  
ra te ,  and the effect of suspended load on friction factor. The present 
report  i s  intended as  a supplement to the Vanoni and Brooks report. 
The experiments reported in Brooks' closing discussion and la ter  
by Vanoni and Brooks included two systematic se ts  of runs, each with a 
nearly constant depth. The results of these experiments were used to 
evaluate Brooks' qualitative conclusions regarding the variation of 
sediment discharge, slope, and friction factor with velocity for constant 
depths, and with depth for constant velocities. As mentioned above, no 
systematic data were  obtained for the case  in  which the discharge is held 
constant and the depth i s  varied; the objective of the present experiments 
was to verify Brooks' conclusions for this case. The main point to be 
resolved was whether two different depths of flow a r e  possible for a given 
discharge and slope. This question was the subject of considerable con- 
troversy in the discussion of Brooks' paper and was not settled by the 
later  experiments (1, p. 582 and p. 594). In the present inquiry, eight 
runs were  conducted in the 60-foot flume a t  a constant unit discharge of 
0. 50 cfs per ft. The results of these experiments a r e  presented in 
Chapter 2 and a discussion of the results i s  given in Chapter 3.  
1-2. Apparatus and Procedure 
Only a summary description of the apparatus and procedure will 
be presented here.  Complete details and thorough discussions of the 
apparatus, the techniques used in measuring the various quantities, and 
the procedure used in reducing the data have been given by Brooks (1) 
in his original paper on this topic, and by Vanoni and Brooks (2). 
The experiments were  performed in the 33.  5-inch wide, 60-foot 
long flume shown schematically in  Figure 1- 1. The flow circuit of the 
flume i s  closed so the water and sediment a r e  continuously recirculated 
and the mean depth of flow in the open channel i s  controlled by the amount 
of water in  the system. The entire flume i s  mounted on a t russ  which is 
pivoted near one end and supported by a jack a t  the other end so the 
flume slope can be se t  a t  any desired value and easily adjusted during 
BLE DIFFUSER LID 
60-FOOT CLOSED CIRCUIT FLUME 
(a) Elevation 
12 in. 
Instrument Carrioge 
(b) Cross section of flume 
Fig. 1- 1. Schematic diagram of the 60-foot flume. 
the course of a run. The instrument carriage i s  mounted on rails and 
can be moved along the length of the flume. A point gauge mounted on 
the carriage was used to measure the elevations of the water surface 
and sand bed relative to the carriage rai ls .  Water surface elevations 
were  measured during the run a t  four-foot intervals along the flume, 
and bed elevations were measured after the pump had been stopped and 
the bed leveled in four-foot reaches with a special scraper.  The dis- 
charge was measured with the venturi meter  located in the return pipe. 
To determine the total sediment transport ra te ,  twelve o r  more  samples 
of one l i ter  each were  siphoned through special samplers from the 
vertical section of pipe above the pump. The individual one-liter samples 
were  then passed through filter paper, and the sediment retained was 
dried and weighed. A sieve analysis was performed on the composite 
of a l l  samples for each run with a fourth-root-of-two set  of half-depth 
Tyler laboratory sieves which were  shaken for fifteen minutes on a 
Tyler Rotap Machine. 
Fo r  Run 3-5 and subsequent runs a heater was provided to control 
the temperature of the water. The water temperature for these runs was 
maintained a t  approximately 25°C. 
A side-wall correction procedure was applied to the measured 
and computed hydraulic data to determine the friction factor,  shear 
velocity, and hydraulic radius of the sand bed section. This procedure 
supposedly corrects  for the effects of the smooth side-walls on these 
quantities. Vanoni and Brooks ( 2) have pr  es  ented a detailed derivation 
of the side-wall correction procedure used here  and the data necessary 
to perform the computations. 
1- 3 .  Sand Characteristics 
The sand used in this investigation was the sand designated a s  
Sand 4 by Vanoni and Brooks (2 )  and used in their investigation. The 
sieve analysis they reported was performed on a sample of bed material  
which was taken about midway through their fifteen runs with this sand. 
Between the time their experiments were  completed and the present 
investigation was started the sand remained in the flume, but was not 
used for any experiments. After the completion of the present experi- 
ments a sample of bed material was removed from the flume and sieve 
analyzed a s  described in Section 1-2. The results of the sieve analysis 
reported by Vanoni and Brooks and the sieve analysis performed for 
this investigation a r e  summarized in  Table 1- 1 and shown plotted on 
logarithmic-probability paper in Figure 1- 2. 
Figure 1-2 shows that there was very little increase in the 
geometric mean sieve diameter, D and no change in the geometric 
g 
standard deviation, o of the size distribution. However, in Table 1- 1 
g ' 
i t  i s  seen that there was a significant decrease in the amount of fine 
material in the bed sand. For  example, a t  the conclusion of the present 
experiments there was only about 0. 76 times a s  much material finer 
than the 170-mesh sieve a s  during the experiments by Vanoni and Brooks, 
and for the smaller sieve sizes the losses were even greater.  Most of 
the loss probably occurred when the flume was periodically drained to be  
refilled with clean water. This coarsening of the bed material will be 
invoked in Chapter 3 to explain a discrepancy in  the transport rate between 
the results of the present experiments and those of Vanoni and Brooks. 
Table I- I 
Summary of Data f rom Sieve Analyses 
by Vanoni and Brooks (2) and Kennedy 
Analysis by 
Date 
Geom Mean Diam. 
Geom Std. Deviation 
Mesh 
(Tyler )  
P e r  Inch 
4 2 
48 
6 0 
6 5 
80 
100 
115 
150 
170 
200 
250 
270 
325 
400 
Sieve 
Opening 
m m  
0.351 
0.295 
0.246 
0.208 
0. 175 
0. 147 
0. 124 
0. 104 
0.088 
0.074 
0.061 
0.053 
0.043 
0.038 
Vanoni and Brooks 
Sept . ,  1956 
D = 0. 137 m m  
g 
o = 1.38 
g 
Kennedy 
June, 1958 
D = 0.142 m m  
g 
o = 1.38 
g 
Percen t  F ine r  by Weight 
0. 
Fig. 
sand 
Sieve Opening, mm 
1 - 2. Sieve analyses by Vanoni and Brooks (2)  and Kennedy of the 
used in the present  investigation. 
CHAPTER 2 
EXPERIMENTAL RESULTS 
2- I. Summary of Experimental Results 
Eight runs were  conducted with a unit discharge of 0. 50 cfs per  
ft  a t  depths ranging f rom 0. 228 t o  0. 550 ft. In each run sufficient t ime 
was allowed for the flow to reach equilibrium with i ts  sand bed and 
uniform flow was established before the reported data were  collected. 
The principal measured and computed quantities f rom the 
laboratory experiments a r e  summarized in  Table 2-1. The runs a r e  
tabulated in order  of decreasing depth and increasing velocity. The 
table i s  self-explanatory except for the quantity f / f l  the friction b by  
factor ratio.  In this quantity f 1  i s  the friction factor predicted by the b 
Moody pipe-friction diagram using the geometric mean sieve diameter ,  
D a s  the equivalent sand roughness, and 4rby where r i s  the bed 
g ' b 
hydraulic radius, in place of the pipe diameter for the characteris t ic  
length. Thus f; i s  friction factor predicted by the Moody diagram for  
flow of clear  water  over a stationary flat sand bed. The friction factor 
ratio,  f b / f 6  i s  a measure  of the effect of dunes or  other bed features 
on the friction factor of the flow and serves  a s  a partial  quantitative 
description of the bed configuration; i t  should be approximately unity fo r  
flow over a flat bed. The use of the friction factor ratio in  analyzing the 
roughness of alluvial channels was f i r s t  suggested by Vanoni and Brooks 
(2). Detailed discussions of the friction factor ratio and i ts  significance 
have been presented by Kennedy (3) and Taylor and Brooks (4). 
The various bed configurations (Column 18) will be described in 
Section 2 of this chapter. 
The data for Run 3- 5, the run with a long, flat sand wave, a r e  
much l e s s  accurate than the data for the other runs. In this run there 
were  no reaches of s tr ict ly uniform flow and the data for the dune and 
flat sections a r e  averages over the reaches in  which the flow was the mos t  
nearly uniform; these reaches were  only about twenty feet long. In such 
TABLE 2- 1 
SUMMARY OF HYDRAULIC AND SEDIMENT TRANSPORT DATA FROM LABORATORY EXPERIMENTS 
Sand Characteris t ics:  D = 0. 142 m m  u = 1. 38 
7 
u ,% 
Shear 
Velocity 
f t / s e c  
0.084 
0.125 
0. 140 
0. 133 
0. 119 
0. 131 
0.113 
0. 115 
0. 118 
9 
'b 
Bed 
Hydr. 
Radius 
f t  
- 
11 
fb  
Bed 
Friction 
Fac to r  
- 
13 
T 
Water 
Temp. 
"C 
- 
19. 5 
18.4 
18. 4 
25. 1 
25. 3 
25.3 
25. 7 
25. 2 
25.4 
- 
2 
U 
Mean 
Velocity 
f t / sec  
Run 
No. 
3-1 
3-4 
3-2 
3-7 
3-5D* 
3-5F* 
3-6a 
3-6 
3-6b 
- 
5 
r 
Hydr. 
Radius 
f t  
1 
d 
Depth 
f t  
0.550 
0.441 
0.373 
0.345 
0.340 
0.254 
0.235 
0.233 
0.228 
6 
S 
Slope 
8 
f 
F r ic t ion  
Fac to r  
- 
12 
f b  
-
b 
'riction 
Factor  
Ratio 
10 
U*b 
Bed 
Shear 
Velocity 
f t l sec  
14 
c2 
Disch. 
Conc. 
g r I1  
15 
9s 
Sed. 
Disch. 
Rate 
Lblmin-ft 
18 
Bed 
Config 
Unit 
Dis- Froude 
charge Number 
Analysis of 
ediment Load 
0. 103 1.60 
0. 100 1.46 
0. 096 1.43 
0.047 1.47 
0.085 1. 45 
0.102 1.49 
0. 127 1.41 
0,128 1 . 3 8  
Dunes 
Dunes 
Dunes 
Dunes 
Dunes(S. W .  ) 
Fla t (S .W.)  
F la t  
F la t  
F l a t  
* Dune section of flow with a long sand wave 
* Fla t  section of flow with a long sand wave 
S.W. Sand wave developed on bed. 
short reaches the depth, sediment concentration, and particularly the 
slope were  difficult to determine. 
No experiments were carr ied  out a t  velocities greater  than about 
2.2 fps because of the large stationary surface waves which occurred a t  
higher Froude numbers. I t  would have been desirable to obtain one or  
two more  runs a t  higher velocities in the flat bed regime but this was 
impossible a t  the selected discharge (q = 0. 50 cfs per ft).  A larger  
value of q would have permitted runs to be carr ied  out a t  velocities 
which a r e  in the flat bed regime, but for which the Froude numbers a r e  
small  enough to preclude the occurrence of surface waves. However, a 
larger q would have also resulted in larger  depths, and thus larger  
depth-width ratios which a r e  undesirable because of the effects of the 
side-walls. At the lower velocities, a l a rger  q would have given depth- 
width ratios greater  than 0. 2 which was judged too large. Although the 
effects of the side-walls on the friction factor can supposedly be corrected 
for,  there is no known method to determine their effect on the sediment 
transport characteristics of the flow. 
For  convenient reference, the data f rom other investigations that 
used this sand a r e  summarized in the Appendix. The results of Vanoni 
and Brooks' experiments in the 60-foot flume (2 ,  p. 36) a r e  summarized 
in Table A- 1, and the data from Nomicos' variable-temperature experi- 
ments in the 40-foot flume (2 ,  p. 37)  a r e  given in Table A-2. 
Figure 2-1 shows graphically the ranges of depth and unit discharge 
which have been covered by the experiments of Vanoni and Brooks (2 )  and 
the experiments of this investigation. All of the data shown a r e  for the 
same sand and the 60-foot flume. The slope times lo4 and the bed 
2 friction factor times 10 a r e  noted by each point. The runs of Vanoni and 
Brooks fal l  about two lines of constant depth, while the runs of this in- 
ves tigation plot along a vertical line of constant discharge. This il lustrates 
the difference in the way the runs of the two investigations were  scheduled. 
2- 2. Sand Bed Configurations: Dunes, Sand Waves, and Fla t  Bed 
Only a brief discussion of the various sand bed configurations and 
their occurrence will be presented. Thoroughgoing descriptions and 
discussions of the three bed configurations considered here  have been 

given by Vanoni and Brooks (2) and Brooks (1). Treatments of the bed 
forms of alluvial channels have also been presented by Garde and 
Albertson (5) and Simons and Richardson ( 6 ,  7). The terminology used 
here  i s  the same as  used by Vanoni and Brooks (2). 
If the flow velocity is  great enough to move individual sand grains,  
but less  than another limiting value which will be discussed presently, 
i rregular  features form on the bed. These features a r e  large,  haphazard- 
ly located, short-cres ted, and move slowly downstream. Bed features 
of this type a r e  called dunes. The dune pattern of Run 3- 2 shown in 
Figure 2-2 illustrates fully developed dunes of the type which occurred 
in  these experiments. 
As the velocity i s  increased, a value will be reached above which 
dunes no longer occur over the full length of the flume. Over one reach 
of the flume the bed i s  flat while the r e s t  of the bed is  dune-covered. In 
the reach of f lat  bed the depth of flow i s  smaller ,  and the velocity, 
sediment transport rate,  and sand bed elevation a r e  greater than in the 
dune section. The reach of flat bed i s  called a sand wave. In these 
experiments sand waves occurred a t  velocities between about 1.45 and 
2. 1 fps. A typical sand wave front where the bed configuration changes 
from flat to dunes in  the downstream direction i s  shown in Figure 2- 3.  
The transition from dunes to flat bed a t  the upstream end of the sand . 
wave i s  l ess  well-defined than the transition from flat bed to dunes and 
occurs over a distance of several feet. In this transition the dunes be- 
come progressively less  rugged in the downstream direction a s  the sand 
bed thickens and the flow velocity increases. The flow i s  not strictly 
uniform over either the flat or the dune section. The entire sand wave 
moves downstream a t  a small,  nearly constant velocity. When the 
sand wave reaches the downstream end of the flume, it recirculates 
through the pump well and return pipe, reappears a t  the upstream end 
of the flume, and repeats its journey around the closed circuit. The 
length of the sand wave for a given sand size apparently depends on the 
overall average depth and velocity in the flume, and possibly the temper- 
ature. For  a given amount of water in the flume, (i. e. , a given mean 
flow depth over the flume length) the length of the sand wave increases 
with increasing velocity. In Run 3-5 the sand wave length varied from 
Flow direction - 
U = 1. 35 fps ,  d = 0. 373 f t ,  f b  = 0. 102, = 1. 4 2  gr / l  
Fig.  2 -2. Dune configuration of Run 3-2.  The full 33. 5- 
inch width of the flume i s  shown. 
Flow direction 
Fig.  2- 3. Typical sand wave front (Vanoni and Brooks'  
Run 2- 16). The full 33.  5-inch width of flume i s  shown. 
about ten to fifteen feet a t  different t imes in a random manner. I n  some 
preliminary runs (not reported here)  two or  more  well-defined and 
apparently independent sand waves occurred simultaneously in the flume. 
The mechanism involved in formation and sustenance sand waves 
i s  not well understood and they may be a result  of the closed circuit  
arrangement of the flume. No conclusions a r e  possible on this point 
with the knowledge a t  hand. 
The third principal bed configuration observed was the flat bed. 
This configuration occurred a t  velocities greater  than about 2. 1 fps for 
the sand and unit discharge used in these experiments. The flat bed 
configuration of Run 3-  6 i s  shown in Figure 2-4. The ripples near the 
walls a r e  the resul t  of the locally reduced velocity in  this vicinity. F o r  
this configuration the bed i s  indeed very nearly flat. The variation i n  
bed elevation relative to the carr iage  ra i l s  over the entire flume was 
usually l e ss  than a few thousandths of a foot. 
At the unit discharge used in these experiments, q = 0. 50 cfs 
per ft ,  stationary gravity waves formed a t  velocities greater  than about 
2.25 fps, which corresponds to a Froude number of 0.84. At this 
Flow direction .-. 
U = 2. 15 fps, d = 0. 233 ft ,  f b  = 0. 024, C = 1. 41 g r / l  
Fig. 2-4. Fla t  bed configuration of Run 3-6. The full 
33 .  5-inch width of the flume i s  shown. 
velocity the coupling between the bed and water surface was sufficiently 
strong to produce small antidunes. At velocities greater than about 
2 . 4  fps large antidunes and breaking stationary waves occurred. The 
characteristics of antidunes and stationary waves and their effects on 
the friction factor and sediment transport rate have been described by 
Kennedy ( 3 ) .  
CHAPTER 3 
DISCUSSION OF RESULTS 
3- 1. Statement of Brooks ' Conclusions 
Much of the discussion of the present experiments will be in 
light of Brooks' previous findings about the mechanics of alluvial 
s treams.  Fo r  the convenience of the reader ,  Brooks' principal con- 
clusions will be summarized here  a s  follows : 
In the laboratory flumes i t  was found that neither the 
velocity nor the sediment transport ra te  could be ex- 
pressed a s  a single-valued function of the bed shear 
s t r e s s ,  or any combination of depth and slope, or bed 
hydraulic radius and slope. This contradicts assump- 
tions which have commonly been held for some years 
to the effect that knowledge of the slope, channel 
geometry, and bed material of a s t ream were  sufficient 
to predetermine its flow and sediment transporting 
characteristics.  
The cause of the nonuniqueness cited in Conclusion (1),  
above, i s  the extreme variation in channel roughness 
caused by the variable nature of the bed configuration. 
In general,  the flows a t  low velocities were  accompanied 
by high, rugged dunes, while those a t  high velocity were  
associated with flat beds, with sand wave phenomena 
occurring a t  intermediate velocities. 
On the basis of experiments to date, i t  appears that the 
depth and velocity may logically be used a s  independent 
variables along with the grain size of the bed material. 
Knowing these quantities, it i s  found for the flumes that 
the slope, bed shear ,  friction factor,  and sediment dis- 
charge a r e  all  uniquely determined. It  was also found 
possible to consider the water and sediment discharges a s  
independent variables, and from these to determine the 
depth, velocity, friction factor,  and slope. 
An examination of the results of these experiments yielded 
the following qualitative relationships : 
a.  F o r  constant discharge, q,  a n  increase in the 
sediment discharge, 9s ' requires a decrease in the depth, d. 
b. For  a given slope and discharge, two depths of 
flow a r e  possible. When qS i s  low, the bed is  
covered with dunes, d i s  large ,  and the velocity, 
U, i s  small. When qs is  high, the bed is  flat, 
d i s  small ,  and U i s  large. 
If q i s  to be increased without changing q then 
s ' 
an increase in d i s  necessary, although this in- 
crease  is  relatively less than in q. 
For  a given q, the largest  values of the bed friction 
factor, fb, a r e  associated with the lowest values of qs. 
When U is increased with d constant, fb  
generally decreases, the slope, S ,  and bed 
shear velocity, U*b, may either increase or 
decrease, and the sediment discharge concentration, 
- 
C, increases until the sand wave stage i s  reached. 
When d i s  increased with U constant, fb and 
- 
C both decrease. 
The bed shear velocity, Ugeb, changes less than 
any other quantity. I t  may be expected, therefore, 
that U:kb i s  not a good variable from which to 
determine the flow and sediment transport characteristics. 
These conclusions a r e  unaffected by the geometric 
standard deviation, o , of the bed sand in the range 
g 
investigated: o = 1. 11 to 1. 76. 
g 
At a constant discharge the velocity and depth a r e  not independent 
of each other but a r e  related by q = U d. Thus Conclusion No. 3 implies 
that for a constant discharge the velocity or sediment discharge may be 
used a s  an independent variable; either of these quantities uniquely 
determines the slope, bed friction factor, and bed shear velocity for a 
given bed material. 
3- 2.  Variation of Friction Factor and Bed Shear 
The variation of slope, bed shear velocity, and bed friction 
factor with mean velocity a r e  shown in Figure 3- 1. In examining this 
graph, it  should be borne in mind that the data for the run with a sand 
:Konclusion 4g i s  based primarily on the experiments reported by Vanoni 
and Brooks and was f i r s t  stated in their report  (2). 
:::*Brooks original experiments used two different sands: Sand No. I with 
D = 0.145 m m  and o = 1.11; and Sand No. 2 with D = 0.088 mm and 
g g g 
o = 1. .i 7. Later investigations by Vanoni and Brooks (2)  extended the 
B - 
range of o to 1.76. 
g 
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Fig. 3- 1. Variation of slope, bed shear  velocity, and bed friction 
factor with mean velocity and depth for cons tant-discharge experi- 
ments ( q  = 0 .50  cfs per ft). 
wave, Run 3-5, a r e  not a s  accurate a s  the data for the other runs, a s  
was discussed in Section 2-1. Figure A- I in the Appendix shows a 
similar graph for one se t  of the cons tant-depth runs of Vanoni and 
Brooks summarized in Table A- I .  
In Figure 3- I i t  i s  seen that the bed friction factor increases 
from 0. 086 to 0. 119 a s  the velocity increases from 0.91 to I. 14 fps. , 
corresponding to a decrease in depth from 0.550 to 0.441 ft. With 
further increase in velocity, the bed friction factor decreases to 
+ 0. 023 a t  a velocity of about 2. I fps. The initial increase of bed fric-  
tion factor with velocity for this sand has been observed previously 
by Vanoni and Brooks (2) for depths in the range 0.524 to 0. 553 ft, a s  
shown in Figure A- I ,  but not for depths of approximately 0. 24 f t .  Thus 
i t  appears that for some depths there exists a dune arrangement which 
has a greater  roughness than the dune configurations associated with 
either greater  or smaller velocities. The magnitude of the maximum 
friction factor depends on the flow depth. The maximum f observed b 
by Vanoni and Brooks in their experiments a t  the larger flow depths 
summarized in the lower part  of Table A- 1 was 0.092 and occurred 
a t  d =O. 549 ft and U = I. 22 fps. In the present  experiments the maxi- 
mum bed friction factor was somewhat greater ,  f = 0. 119, and oc- b 
curred a t  a smaller  depth, d = 0.441 ft, but approximately the same 
velocity, U = 1. 14 fps. 
The important point to note i s  that in these experiments, the 
bed friction factor varied by a factor greater  than five from 0. 119 to 
0. 023; a t  higher velocities f b  might have been even lower. The vari-  
ation in f was due primarily to changes in the roughness of the bed b 
a s  i ts  configuration changed. As the velocity was increased above a 
certain value (about I. 2 fps for these experiments) the shape and 
arrangement of the dunes changed in such a way that the roughness of 
the bed decreased. When the bed became flat, the only roughness was 
that of the individual sand grains and was the irreducible minimum. 
However, a small  further decrease in the friction factor could have 
occurred a t  higher velocities with larger  sediment concentrations. The 
suspended sediment apparently modifies the turbulence structure of the 
flow and thereby reduces the friction factor. This effect has been de- 
scribed by Vanoni and Brooks (2) and Vanoni and Nomicos (8). 
The large variation in the bed friction factor has an important 
effect on the relation between U and S,  and between U and U*b. 
As shown in Figure 3- 1, for a constant discharge the slope increases with 
velocity throughout the dune regime. In the velocity range for which 
the sand wave i s  the characteristic bed form, the slope increases slightly 
and then decreases. Consequently, an  identical value of slope, 
S = 0.00198, was observed for two different runs: Run 3-7 (U = 1.45 fps ,  
9s = 2. 12 lblmin-ft, dune bed) and Run 3-6a (U = 2.13 fps, qs = 2.95 
lblmin-ft, flat bed). These two runs confirm, for this sand and this 
unit discharge, Brooks' Conclusion No. 4b that for a given discharge 
and slope, two different velocities a r e  possible. Similarly two runs 
with different velocities and different sediment transport rates had 
nearly the same bed shear velocity: Run 3-4 with a dune bed which had 
U = I. 14 fps, qs = 0.73 lb/min-ft, and U*b = 0. 139 fps; and the flat 
s e c t i o n o f R u n 3 - 5 f o r w h i c h U  =1 .97 fps ,  qs =3.20lb/min-f t ,  and , 
U,b = 0. 137 fps. 
It should be noted that Brooks' Conclusion No. 4b regarding the 
multiplicity of velocity a s  a function of slope for constant discharge is 
valid only for a certain range of velocity and a corresponding range of 
slope. Since this multiplicity i s  a result of major changes in  the bed 
configuration, two or more values of velocity for a given slope can 
occur only i n  the range of U ,  and associated range of S,  from 
slightly less  than that a t  which the transition from dunes to sand wave 
occurs to slightly greater than the velocity a t  which the bed configura- 
tion changes from sand wave to flat. Fo r  the constant discharge 
experiments reported here,  this range of slope i s  about S = 0.0020 
to 0.0025. Similarly, for the constant-depth runs of Vanoni and Brooks 
shown in Figure A- 1, U is  a multiple-valued function of S for slopes 
between about 0. 0010 and 0. 00 12. The multiplicity of U a s  a function 
of U,b for a constant q noted in the present experiments and shown 
in Figure 3- 1 i s  also limited to the range of U and corresponding range 
of U*b where major changes in the bed configuration occur. 
Thus, for the laboratory s t ream,  the velocity for a constant 
discharge cannot, in general,  be expressed a s  a single-valued function 
of slope o r  bed shear  velocity. However, each of the quantities S, 
U, and fb can be expressed a s  a single-valued function of the 
velocity, o r  in the case of these constant discharge runs, a s  a function 
of the depth. This i s  consistent with Brooks1 Conclusion No. 3. 
Fo r  velocities between about 1.45 and 2.1 fps the nature of the 
variations of S, U, b, and fb i s  obscured by the sand waves which 
formed. There i s  some question of whether uniform equilibrium flows 
over a sand of this size can even exist a t  these intermediate velocities. 
When the quantity of water in the flume was s e t  to yield a velocity be- 
tween 1.45 and 2.1 fps a sand wave would form; the depth over the flat 
bed section would be l e ss  than desired,  while over  the dune section the 
flow was deeper,  with the average of the two sections yielding approxi- 
mately the desired depth. This was exactly the case in Run 3-5 for 
which the amount of water was adjusted to give a velocity of 1.67 fps 
and an average depth over the flume length of 0. 30 ft. 
As explained in Section 2- 1, no runs were carr ied  out a t  
velocities higher than about 2.2 fps because of the large surface waves 
that formed. The resul ts  of Vanoni and Brooks1 experiments indicate 
that with increasing velocity the bed friction factor would have remained 
practically constant and the slope and shear  velocity would have in- 
creased accordingly. . 
The bed shear  velocity, US varied f rom a minimum of 
0.095 fps to a maximum of 0.15 3 fps, a factor of only 1.61. The maxi- 
mum f was over five t imes greater  than the minimum, and the slope b 
varied by a factor of approximately four in the velocity range investi- 
gated. This comparison supports Brooks1 Conclusion No. 4g that U* 
i s  the leas t  sensitive parameter  that can be used to determine the hy- 
draulic and transport  characteris t ics  of a flow. 
The change in  bed configuration f rom dunes and flat bed occurred 
a t  a value of f / f r  between 2. 05 and 3. 30; the exact value i s  obscured b b  
by the sand wave. Taylor and Brooks (4) have analyzed the flume data of 
various investigators and found that the transition f rom dunes to flat bed 
usually occurs  a t  approximately f / f l  b b =  2.0. 
3-3. Sediment Transport  Rate 
In Figure  3- 2 values of sediment discharge concentration, 
C = qs /q ,  a r e  plotted against mean velocity. Corresponding values of 
the sediment discharge per  unit width, qs ' a r e  shown on the ordinate 
scale  a t  the right of the figure. The water  temperature during the run 
is noted by each point. 
After Run 3-4 was completed, a heater  was  installed on the flume 
to control the water  temperature.  F o r  Run 3-5 and successive runs the 
water  temperature was maintained at approximately 25"C, which was 
a l so  the temperature for most  of the runs reported by Vanoni and Brooks 
(2). Runs 3-  1, 3- 2 and 3-4 were  performed before the heater  was in- 
stalled and had somewhat lower temperatures.  
This temperature change'is no doubt responsible for the apparent 
discontinuity in the velocity-sediment concentration relation between 
R u n 3 - 2 ( U  = 1 . 3 5 f p s ,  = 1 . 4 2 g m / l ,  T = 1 8 . 4 " C ) a n d R u n 3 - 7  
(U = 1.45 fps,  = 1. 13 g m / l ,  T = 25. 1°C).  The resul ts  of experi-  
ments by Nomicos reported by Vanoni and Brooks (2) and summarized 
in Table A-2 of the Appendix show that for a constant discharge, and 
q generally decrease  with increasing temperature.  The drop in 
s 
between Run 3-2 and Run 3-7 i s  of the magnitude that Nomicos' experi- 
ments would indicate. Therefore,  to put a l l  t ransport  data on a quanti- 
tatively comparable basis ,  the concentrations and sediment discharges 
for the three lowest velocity runs should be reduced about 25 to 35 
percent. 
With this adjustment (not shown), F igure  3- 2 indicates that 
and q a r e  single-valued functions of velocity for this constant discharge 
S 
and that a s  the velocity i s  increased, these quantities also increase. 
This i s  consistent with Brooks ' Conclusion No. 4a that for  a constant dis-  
charge a n  increase  in q requires  a decrease  in d. However, this 
S 
uniform increase  of q with U, and the initial increase  of f b  with U 
S 
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Fig. 3-2. Variation of sediment discharge concentration and sediment 
transport ra te  with mean velocity and depth for constant discharge ex- 
periments ( q  = 0. 50 cfs per ft). 
discussed in Section 3-2, contradict Brooks' Conclusion 4d that for a 
given q, the largest values of fb  a r e  associated with the lowest values 
of 9,- 
The constant-depth experiments of Vanoni and Brooks (2)  and 
those of Kennedy (3) have shown that for velocities in the flat bed and 
antidune regimes, C and qs increase monotonically with U. This 
indicates that i f  runs with higher velocities could have been made in the 
present se t  of experiments, the sediment discharge concentration would 
have continued to increase with velocity. Thus the above conclusion 
- 
that U uniquely determines C for a constant q is  probably generally 
true for higher velocities also. 
3-4. Comparison with Results from other Investigations 
The values of C and qs for Runs 3-6, 3-6a. and 3-6b do not 
agree a t  all well even though these runs had nearly identical depths, 
velocities, and temperatures and each had a flat bed. Further,  the 
summary given in Table 3-1 of other experiments which had nearly the 
same depth and velocity as  Runs 3-6 shows a general lack of agreement 
in the transport data (Columns 13 and 14). Some of the apparent dis- 
crepancies can be logically explained. Fo r  example, in Nomicos ' Runs 
Dl, A, D, and D2, a l l  of which used the same bed material and were 
performed consecutively, the sediment discharge rate generally increases 
with decreasing temperature, a s  would be expected. Similarly, the 
large sediment discharge ra te  of Nomicos' Run 1, compared to other runs 
with nearly the same T and D is  due to a greater  availability of finer, 
g ' 
more easily transported material in the bed sand because of the much 
larger standard deviation of its s ize distribution; this also has the effect 
of lowering the D of the sediment load. The large q of Brooks' Runs 
g S 
21 and 2 ia  i s  attributable to the smal l  s ize of the bed material. 
Other apparent discrepancies can be explained by a comparison of 
the transport rates of the different sand sizes. Fo r  example, the large 
- 
discrepancy between the values of C and qs for Runs 3-6, 3-ba, and 
3- 6b of this investigation and Vanoni and Brooks Run 2- 2 was primarily 
due to the slight coarsening of the bed material  discussed in Section 1- 3. 
TABLE 3-1 
SUMMARY OF RESULTS OF EXPERIMENTS BY AUTHOR AND OTHER INVESTIGATORS 
Depth = 0. 228 to  0. 252 f t  Velocity = 2. 0 4  to  2. 21 fps 
2 
Ref .  
3 
Run 
No. 
4 
d 
Depth 
f t  
5 
u 
Mean 
Velocity 
f t l sec  
6 
s 
Slope 
7 
u * 
Shear  
Velocit) 
f t l s ec  
8 
f 
Friction 
Factor  
9 
'b 
Bed 
Hydr. 
Ladins 
ft 
10 
u* b 
Bed 
Shear  
Velocity 
f t l sec  
11 
'b 
Bed 
Friction 
Fac to r  
14 
4, 
Sed. 
Discb. 
Rate 
blmin-  
-
2.95 
2. 65 
3.29 
4. 7 
4. 3 
6 .4  
6. 0 
3 . 4  
4.0 
3. 1 
4. 53  
2. 36 
4. 5 
4 . 0  
9 . 0  
9 . 1  
- 
15 
Anal 
iedimt 
D 
g 
rn 
- 
0. 127 
0. 128 
- - 
0. 095 
0. 155 
0. 085 
- - 
- - 
- - 
- - 
0. 193 
0. 150 
0. 141 
0. 149 
0. 078 
0. 079 
19 
Bed 
Config. 
Water Disch. 
Temp. Conc. 
'C g r l l  
25. 7 1. 57 
25. 2 1 .41  
25. 4 1. 74 
23. 5 2. 5 
24. 3 2. 3 
25. 0 3. 4 
15. 3 3. 24 
25. 0 1. 87 
25.0  2. 14 
38. 0 1. 66 
30. 1 2. 44 
24. 2 1. 17 
12.5  2 . 4 5  
31. 5 2. 15 
25. 0 4. 8 5  
25. 0 4. 9 
Experiment 
by 
Author 
Author 
Author 
Vanoni and Brooks 
Nomicos 
Nomicos 
Nomicos 
Nomicos 
Nomicos 
Namicos 
Kennedy 
Kennedy 
Brooks 
Brooks 
Brooks 
Brooks 
Table 2- 1 
Table 2- 1 
Table 2- 1 
2) Table 6*" 
2) Table 7 
2) Table 7 
2) Table 8 
2) Table 8 
2) Table 8 
2) Table 8 
3) Table 4-2 
3) Table 4-2 
2) Table 15 
2) Table 15 
2) Table 15 
21 Table 15 
F la t  
F la t  
F la t  
F l a t  (S. W. ) 
Fla t  
F l a t  
F la t  
F la t  
F la t  
F la t  
F la t  
F l a t  
F la t  
F l a t  
F la t  
F la t  
* The 60-foot long flume i s  shown in F igure  1-1. 
The 40-foot long flume i s  lo. 5 inches wide. 
** This run a l so  summarized in  Table A- 1 of the Appendix. 
In Table 3-2 the transport rate of the individual sieve fractions a re  tabu- 
lated for Runs 3-6a and 2-2. The cumulative transport rates of the 
material coarser than each sieve size a re  also shown. For the material 
coarser than the 0.124 mm sieve the differences in the transport rates of 
the individual sieve fractions a re  insignificant in..view of the temperature 
difference between the two runs, but for the finer sieve fractions the 
differences a re  striking. For each of these finer sieve fractions, signifi- 
cantly more material was transported in Run 2-2 than in Run 3-6a. This 
was because of the greater availability of fine material in the bed sand of 
Run 2-2, as  shown in the comparison of the sieve analyses of the bed 
materials in Table I- 1 and Figure 1-2. The geometric mean sieve diameter, 
D of the transported material of Run 2-2 i s  accordingly much smaller ' 
g ' 
and the geometric standard deivation, o , i s  larger due to the extension 
g 
of the frequency distribution toward the smaller sizes. 
These two experiments point out the important effect the sand 
size distribution has on the sediment transport rate of the flow, and'dus 
the necessity of accurately knowing the size distribution of the bed 
material in analyzing, interpreting, and comparing the transport data 
for sediment-laden flows. 
- 
The only explanation offered for the discrepancies in C and qs 
between consecutive runs of the same investigation, such as Runs 3-6, 
3-6a, and 3-6b of this investigation, and Nomicos' Runs A and Dl involves 
the fact that for this depth, velocity, and sand size, the flow is just 
outside the highly unstable sand wave regime. It  i s  possible that an 
instability similar to a sand wave existed in these runs so that although 
the bed appeared flat everywhere, the flow was deeper in one section than 
another and the sediment discharge rate was not constant along the length 
of the flume. The bed profiles for these runs neither proved nor disproved 
this speculation. The bed profiles of Kennedy's Runs 4- 1 and 4- 19 gave 
a strong indication that sand waves were present, and in Vanoni and 
Brooks ' Run 2- 2 a sand wave was actually observed. If an instability 
- 
was present, the measured C would have depended on the position of 
the sand wave with respect to the end of the flume where the samples were 
taken and this would account for the differences. 
Analysis of 
Sediment Load 
Bed Fr ic t ion Fac tor  
Temperature  
ieve S '  
Opening 
m m  
0. 246 
0.208 
0. 175 
0. 147 
0. 124 
0. 104 
0. 088 
0. 074 
0. 061 
0. 053 
0. 043 
P a n  
Table 3-2 
Transport  Rate  of Individual Sieve Fract ions  
Run 2-2 
Vanoni and Brooks 
D = 0. 095 
g 
o = 1.60 
g 
fb = 0. 024 
T = 23. 5°C 
Run 3-6a 
Kennedy 
Percen t  
Retained 
0 . 9 1  
2. 28 
4 .02  
10.79 
11 .93  
20.22 
8. 04  
15.61 
9 .39  
4.47 
6. 42 
5. 92 
LOO. 00 
Sediment 
Discharge of 
Sieve Fract ion 
I 
Cumulative 
Discharge of 
Coa r se r  Percen t  
Material  Retained 
Cumulative 
Sediment Discharge of 
Discharge of Coa r se r  
Sieve Fract ion Material  
lbfmin-ft  lbfmin-ft  
Although some of the transport data in Table 3- 1 a re  at  variance, 
the values of friction factor for runs which had bed material with 
approximately the same D a re  in very good agreement. The friction 
g 
factors for Kennedy's Runs 4- 1 and 4- 19 a r e  slightly larger than the 
others due to the larger D of the bed material which gave a rougher 
g 
surface. Similarly, Brooks' Runs 21 and 21a had lower value of fb due 
to the small size of the bed material. Thus the effect, i f  any, of the 
variances in the sediment transport rates and changes in cr and T on 
g 
the friction factor were not significant in these experiments, and the 
reproducibility of fb  was excellent. Further, the width of the flume 
appears to have no measurable effect on fb. 
CHAPTER 4 
SUMMARY AND CONCLUSIONS 
The present experiments corroborate, for this sand and unit 
discharge, Brooks ' Conclusion No. 4b (see  Section 3- 1) that for a 
given slope and discharge, two different depths of flow a r e  possible. 
This conclusion i s  valid, however, only for slopes in the range where 
major changes in  the bed configuration occur. I t  was also found that 
for a constant discharge, the velocity cannot in general be expressed a s  a 
single-valued function of shear velocity. However, in the range inves- 
tigated, i f  the velocity i s  used a s  the independent variable, the slope, 
bed friction factor, and bed shear velocity a r e  uniquely determined; i. e . ,  
they a r e  single-valued functions of velocity. 
F o r  these runs a t  a constant discharge, a n  increase in the 
sediment discharge required an increase in the velocity, and a corres  - 
ponding decrease in the depth. This is in agreement with Brooks' Con- 
clusion No. 4a. The results of these experiments qualify Brooks' Con- 
clusion No. 4d that the largest  bed friction factors a r e  associated with 
the smallest sediment transport rates,  because with increasing velocity, 
the bed friction factor f i rs t  increased slightly, then decreased. How- 
ever, the sediment discharge increased steadily with increasing velocity. 
The bed shear velocity, U*b, changed much less than either 
the bed friction factor o r  the slope as  stated in Brooks ' Conclusion 4g; 
thus i t  appears that U:Bb i s  not a good parameter from which to  determine 
hydraulic and sediment transport characteris tics of a flow. 
A comparison of the results from the current experiments and 
the experiments of other investigators showed that even very slight 
changes in  the s ize  distribution of the bed material  can have a significant 
effect on the sediment discharge rate and the size distribution of the 
transported material. The effect, i f  any, of the geometric standard 
deviation of the bed material on the friction factor is  much smaller.  
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APPENDIX 
RELATED FLUME DATA REPORTED BY VANONI AND BROOKS (Ref. 2) 
A summary of the data from some previous flume experiments 
which a r e  cited in the text i s  presented here  for the convenience of the 
reader. Table A- 1 gives the data from the two groups of constant-depth 
experiments performed by Vanoni and Brooks using the same sand and 
flume a s  the present study. In Figure A- 1, the slope, bed shear velocity, 
and bed friction factor for one group of these runs a r e  shown plotted 
against mean velocity. Table A-2 presents the data from Nomicos' 
variable-temperature experiments in the 40-foot long, 10. 5-inch wide 
flume. 
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Fig.  A- 1. Variation of slope, bed shear velocity, and bed friction factor 
with mean velocity for one group of Vanoni and Brooks (2)  constant-depth 
experiments. See Table A- 1 for data. 
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SUMMARY OF NOTATION 
cross  sectional a rea  of the stream. 
sediment discharge concentration = qs /q. 
depth of flow. 
geometric mean sieve diameter. 
u, 2 
Darcy-Weisbach friction factor for channel = 8 (T) . 
friction factor for bed section only calculated from side-wall 
U:gb 2 
correctionprocedure = 8 (-) . 
u 
friction factor determined from pipe-friction diagram using 4 r b 
in place of the pipe diameter a s  the characteristic length and D 
g 
a s  the equivalent sand roughness. 
U 
Froude number = - . 
43 
gravitational acceleration. 
wetted perimeter of the stream. 
discharge per unit width = U d. 
total sediment discharge rate per unit width. 
total discharge. 
hydraulic radius = Alp. 
hydraulic radius of the bed section calculated from side-wall 
correction procedure. 
slope of energy grade line. 
water temperature. 
mean velocity = Q/A. 
shear velocity for whole channel = @. 
shear velocity for bed section only = &rbs 
geometric standard deviation of sand size distribution. 
REFERENCES 
1. Brooks, Norman H. , "Mechanics of S t reams with Movable Beds of 
Fine Sand," Trans .  Am. Soc. Civ. E n g r s . ,  Vol. 123, 1958, 
pp. 526-549. Discussion; pp. 550-594. 
Vanoni, Vito A . ,  and Brooks, Norman H . ,  "Laboratory Studies of 
the Roughness and Suspended Load of Alluvial S t reams,  " 
Sedimentation Laboratory, California Institute of Technology, 
Pasadena,  Calif. , Report No. E-  68, Dec. 1957. 
Kennedy, John F. , "Stationary Waves and Antidunes in Alluvial 
Channels", W. M. Keck Laboratory of Hydraulics and Water 
Resources,  California Institute of Technology, Pasadena, Calif. , 
Report No. KH-R-2, Jan.  1961. 
Taylor,  R. Hugh J r . ,  and Brooks, Norman H. , Discussion of 
"Resistance to Flow in Alluvial Channels" by Daryl B.  Simons 
and E .  V. Richardson (Ref. No. 7) P r o c .  Am. Soc. Civ. E n g r s . ,  
J. of the Hydraulics Division, Vol. 87, No. HY 1,  Paper  2724, 
Jan.  1961, pp. 246-256. 
Garde,  R. J . ,  and Albertson, M. L . ,  "Characteristics of Bed 
F o r m s  and Regimes of Flow in Alluvial Channels", Civil Engineer- 
ing Section, Colorado State University, F o r t  Collins, Colo., 
Report No. CER59 RJG9, 1959. 
Simons, Daryl B . ,  and Richardson, E. V . ,  "Forms of Bed 
Roughness in Alluvial ChannelsI1, U. S. Geological Survey, 
Colorado State University, F o r t  Collins, Colo. , Report No. 
CER60DBS3, Jan.  1960. 
Simons, Daryl B . ,  and Richardson, E.  V. ,  "Resistance to Flow in 
Alluvial Channels", P r o c .  Am. Soc. Civ. Engrs . , J .  of the 
Hydraulics Division, Vol. 86,  No. H Y 5 ,  Paper  2485, May 1960, 
pp. 73-99. 
Vanoni, Vito A . ,  and Nomicos, George N. ,  I1Resistance Proper t ies  
of Sediment-Laden Streams" , ~ r a n s .  Am. Soc. Civ. Engrs . ,  
Vol. 125, 1960, pp. 1140-1175. 
